), respectively, from winter to spring. In addition, the bacterial secondary production to primary production (BSP:PP) ratio decreased from 3.7 to 0.2 in Reloncaví Fjord, suggesting a transition from microbial to classical pelagic food webs. The higher solar radiation and extended photoperiod of springtime promoted the growth of diatoms in a nutrient-replete water column. Allochthonous (river discharge) and autochthonous (phytoplankton exudates) organic matter maintained high year-round bacteria biomass and secondary production. In spring, grazing pressure from zooplankton on the microplankton (largely diatoms) resulted in the relative dominance of the classical food web, with increased export production of zooplankton faecal pellets and ungrazed diatoms. Conversely, in winter, zooplankton grazing, mainly on nanoplankton, resulted in a relative dominance of the microbial loop with lower export production than found in spring. Carbon fluxes and fjord-system functioning are highly variable on a seasonal basis, and both the multivorous trophic webs and the carbon export were more uncoupled from local PP than coastal areas.
INTRODUCTION
Fjords and estuaries play an important role in biological productivity and carbon cycles in aquatic ecosystems worldwide. The productivity of Chilean fjords is influenced by oligotrophic freshwater discharge (rich in Si) from river runoff and glacial melting, as well as the vertical entrainment of Sub-Antarctic Water (SAAW) loaded with macronutrients from the adjacent oceanic area (Silva et al. 1997 (Silva et al. , 1998 magnitude of these inputs affects primary production (PP) through water column stratification and lateral advection, as determined by horizontal baroclinic changes. This physical scenario may have direct effects on the structure and functioning of the pelagic community, e.g. the succession of phytoplanktonic blooms during the productive season (spring) and the fate of the PP towards higher trophic levels versus its export to the sediments. The effect that the structure of micro-and mesozooplankton communities has on the routes by which the photosynthetically produced organic matter (OM) flows through the trophic web is well-known, as are the implications for retention versus export of organic particulate matter (Vargas & González 2004 ). An integrated view of marine systems, with energy and matter inflow through classical and microbial food webs, has been used extensively to explain the fate of photosynthetically fixed OM in marine ecosystems (Calbet & Landry 2004) . In highly productive coastal ecosystems, it has usually been assumed that PP supported mostly by diatoms might be efficiently transported to higher trophic levels through the socalled 'classical food web' (Ryther 1969) or exported from the productive layer as faecal material, detritus, or 'marine snow' (Turner 2002) . In this context, the importance of bacteria and protozooplankton in the biogeochemical cycles of productive coastal marine systems has been widely accepted (Painting et al. 1992 , Ducklow et al. 2001 ). The microbial loop may play a prominent role in productive systems, regulating the flow of OM in the water column and its transfer to higher trophic levels (Vargas et al. 2007 , Paves & González 2008 .
The Chilean fjord region (from 41 to 55°S) extends over >1600 km, contains 84 000 km of coastline, and covers 240 000 km 2 of highly complex geomorphological and hydrographic conditions. This region is characterised by strong climatic seasonal fluctuations (i.e. solar radiation and precipitation; Pickard 1971 , Acha et al. 2004 , partially modulating the seasonal changes in phytoplankton biomass and PP. Productivity estimations are relatively scarce for southern Chile (41 to 55°S) as compared with central-northern Chile (18 to 37°S). In the northern area of the Chilean fjords (41 to 48°S), PP and chlorophyll a (chl a) ranged from 1 to 26 mgC m -3 h -1 and from 1 to 12 mg chl a m -3 respectively (Pizarro et al. 2000 , Iriarte et al. 2007 ). In addition, reports have shown that pico-and nanophytoplankton are dominant in the Strait of Magellan (53°S) after the spring bloom, whereas microphytoplankton contributes the bulk (> 50%) of the pigment biomass in spring (Iriarte et al. 2001) . Since spring blooms in middle and high latitude coastal regions play a pivotal role in carbon flows and ecosystem functioning (Tian et al. 2001 ), a better comprehension of the fate of PP is needed. Several studies report physical and chemical information for Reloncaví Fjord (Silva et al. 1997 , Basten & Clement 1999 , Silva & Palma 2006 . However, thus far, no data have been reported on secondary bacterial production, planktonic trophic interactions, or the export of particulate organic matter (POM) in the framework of the microbial food web.
In the Patagonian fjords, the zooplankton community is usually dominated by dense aggregations of cladocerans and meroplanktonic crustacean larvae mixed with a diverse and abundant community of epipelagic calanoid copepods such as Calanus australis, Calanoides patagoniensis and Drepanopus forcipatus (Marín & Antezana 1985 , Escribano et al. 2003 , Rosenberg & Palma 2003 . Zooplankton biomasses are higher in the Gulf of Ancud (mean 5.19 log DW 1000 m -3 ) than in the Gulf of Corcovado (mean 4.92); the greater stability of the water column in the former microbasin seems to contribute to its high zooplankton biomass (Palma & Silva 2004 ). The abundant phytoplankton in spring and summer may, in turn, augment the abundance of planktonic herbivores and carnivores (Antezana 1999 , Hamamé & Antezana 1999 , Palma & Aravena 2001 , crustacean larvae, and fishes (Balbontín & Bernal 1997 , Mujica & Medina 2000 . The latter are especially abundant in some channels that exchange an important amount of water with the adjacent oceanic area dominated by SAAW. Previous studies indicate that, in summer, the SAAW is highly productive, as evidenced by a high phytoplankton growth rate (Avaria et al. 1999 , Pizarro et al. 2000 . However, information on the fate of the photosynthetically generated carbon flows through the pelagic food web and their subsequent export to deeper layers of the fjords remains very scarce. This study aims (1) to assess the spatial and seasonal variability in the chemical, physical, and biological characteristics of Reloncaví Fjord and the Interior Sea of Chiloé and (2) to quantify the carbon budget of the pelagic trophic webs of Reloncaví Fjord in winter and spring. In particular, we set out to estimate the magnitude of the photosynthetic OM flowing through the classical and microbial food webs and the magnitude of the particulate organic carbon (POC) exported below the strong halocline.
MATERIALS AND METHODS
Two research cruises (CIMAR 12 Fiordos) were conducted in the area of Reloncaví Fjord (41°38' S) and the Interior Sea of Chiloé (from 42 to 44°S) in austral winter (8-25 July 2006) and spring (4-12 November 2006) on board the AGOR 'Vidal Gormáz' of the Chilean Navy (Fig. 1) . Three research approaches were implemented:
(1) Time-series stations. The Melinka meteorological station (43.8°S) was used to describe seasonal variability in solar radiation (2004 and 2005 ) (see Fig. 2a ). The input of fresh water from the Puelo River was obtained from the Chilean General Water Directorate (DGA; www.dga.cl) for 2001 to 2007 (see Fig. 2b ). A phytoplankton time-series station in Ilque Bay, Reloncaví Basin (41°38' S, 73°05' W), was used to describe the seasonal variability of diatoms (2001 to 2008) (see Fig. 2c ). Weekly to monthly water samples were collected at the surface and at 5 and 10 m depth using a Go-Flo sampling bottle. From each depth, 200 ml were preserved in an acid Lugol's solution and later analysed for diatom counting using standard microscopy methods (Utermöhl 1958) .
(2) A transect of stations (from Reloncaví Fjord to the Guafo entrance). A long transect of stations was performed from the head of Reloncaví Fjord (Stn 7) to the coastal oceanic area at the Guafo entrance (Stn 50) ( Fig. 1) . At these stations, water samples for plankton (1, 5, 10, 25, 50 m) and dissolved inorganic nutrient analyses (1, 5, 10, 25, 50, 75, 100, 150, 200, 250, 300, 350 and 400 m) were collected at discrete depths (1, 5, 10, 25 , 50 m) using a bottle-rosette system (details below). The physical structure of the water column (temperature, salinity, dissolved oxygen) was recorded with a Seabird 19 CTD. Salinity and oxygen sensors were calibrated by measuring salinity (with an Autosal salinometer) and dissolved oxygen (Winkler method) in discrete water samples.
(3) A process-oriented time-series station. This fixed station in the middle of Reloncaví Fjord (Stn 5) was used for a process-oriented study. The study was repeated 3 times (Days 1, 3 and 5) during a 5 d study program in winter and in spring. Stn 5, referred to as the 'process station', was used for the primary study of the possible fate of photosynthetically generated organic carbon through classical or microbial food webs. Here, we estimated the following processes: sizefractionated PP; bacterial secondary production (BSP); nano-, micro-, and mesozooplankton grazing; and vertical fluxes of particulates. In addition, we measured the following abundances and carbonbased biomasses: phytoplankton, bacteria, heterotrophic and autotrophic nanoflagellates (HNF, ANF), dinoflagellates and ciliates (see below).
The different physical, chemical and biological parameters measured/estimated during the winter and spring cruises are included in Table 1 .
Size-fractionated chl a and POC. For chl a and phaeopigments, 200 ml seawater were filtered (MFS glass fibre filters, 0.7 µm nominal pore size) in triplicate and immediately frozen (-20°C) until later analysis by fluorometry, using acetone (90% v/v) for the pigment extraction according to standard procedures (Parsons et al. 1984) . In addition, water samples were collected for POC concentrations in the water column. These samples (from 0.5 to 1.0 l) were filtered through precombusted MFS filters and stored frozen until later analysis following standard pro- (von Bodungen et al. 1991) . For nutrient concentration analyses (nitrate, orthophosphate, silicic acid), water samples were collected using a CTDrosette equipped with 24 Niskin bottles at the following depths : 1, 5, 10, 25, 50, 75, 100, 150, 200, 250, 300, 350 and 400 m, as far as possible depending on the water depth at each station. Water samples (50 ml) were stored at -20°C in acid-cleaned high-density polyethylene bottles and analysed in a nutrient autoanalyser (Mod. Technicon) according to Atlas et al. (1971) . Plankton abundance and biomass. Bacterioplankton, protozoan and phytoplankton counts were done with water samples collected at selected depths (0, 5, 10, 25, 50 m) in the upper 50 m of the water column. Bacterioplankton abundance (cells ml -1 ) was measured on polycarbonate membrane filters (Nuclepore 0.2 µm) stained with the fluorochrome DAPI (Porter & Feig 1980 ) and using epifluorescence microscopy. Bacterial biomass was estimated using a factor of 20 fgC cell -1 (Lee & Fuhrman 1987) . For the enumeration of nanoflagellates, 20 ml sub-samples were filtered on a 0.8 µm polycarbonate membrane filter and stained with Proflavine (0.033% w/v in distilled water) according to Haas (1982) and fixed with glutaraldehyde. Sub- (Utermöhl 1958 ); a carbon:plasma volume ratio of 0.11 pgC µm -3 was applied for diatom carbon estimations (Edler 1979) . For dinoflagellate and ciliate counts, 10 to 30 l of seawater from different depths (surface, 5, 10, 25 m) were filtered gently through a sieve (10 µm mesh size), then concentrated up to a final volume of ~100 ml and preserved with buffered formalin (5% final conc.). Carbon:plasma volume ratios of 0.3 and 0.19 pgC µm -3 were used for heavily thecate and athecate dinoflagellates forms, respectively (Lessard unpubl. data cited by Gifford & Caron 2000) , and 0.148 pgC µm -3 was applied for ciliates (Ohman & Snyder 1991) .
Zooplankton samples were collected by oblique tows using a Tucker trawl net (1 m -2 catching area, 300 µm mesh size) at night within the upper 75 m of the water column. Samples were preserved in borax buffered formalin (10% final conc.) for later analyses of the dominant zooplankton groups (large copepods and euphausiids). Additional tows using a WP-2 net (200 µm mesh size) were conducted to estimate the abundance of small calanoid copepods.
PP and BSP. Water samples for PP determinations were incubated in 100 ml borosilicate glass bottles (2 clear replicate bottles and 1 dark bottle for each depth) and placed in a natural-light incubator for 4 h (usually from 10:00 h to 14:00 h). The temperature was regulated by running surface seawater over the incubation bottles. For the subsurface chl a maximum, 40% and 2% light penetration incubation depths, light intensity was attenuated using a screen to approximate light at the depth where the water was collected. Sodium bicarbonate (40 µCi NaH 14 CO 3 ) was added to each bottle. Following incubation, samples were manipulated under subdued light conditions prior to and after the incubation periods. The contents were filtered according to the fractionation procedures mentioned below. Filters (0.7 and 2.0 µm) were placed in 20 ml borosilicate scintillation vials and kept at -20°C until reading. To remove excess inorganic carbon, the filters were treated with HCl fumes for 4 h. A cocktail (10 ml, Ecolite) was added to the vials, and radioactivity was determined in a scintillation counter (Beckmann). Depth-integrated values of PP (mgC m -2 h -1 ) were calculated using trapezoidal integration over the euphotic zone; the 4 depths considered were the surface, subsurface chl a maximum, and 40% and 2% surface irradiance depths. Integrated production rates per hour were multiplied by daily light hour for Reloncaví Fjord.
Phytoplankton size-fractionation was performed post-incubation in 3 sequential steps: (1) for the nanoplankton fraction (from 2.0 to 20 µm), seawater (125 ml) was pre-filtered using a 20 µm Nitex mesh and collected on a 2.0 µm Nuclepore; (2) for the picoplankton fraction (from 0.7 to 2.0 µm), seawater (125 ml) was pre-filtered using a 2.0 µm Nuclepore and collected on a 0.7 µm MFS glass fibre filter; and (3) for the whole phytoplankton community, seawater (125 ml) was filtered through a 0.7 µm MFS glass fibre filter. The microphytoplankton fraction was obtained by subtracting the production estimated in steps 1 and 2 from the production estimated in step 3.
BSP was estimated using water samples from the same oceanographic bottle as for PP experiments. The incorporation of L-[ 14 C(U)]-leucine into proteins (Simon & Azam 1989) was used to estimate BSP through the increment of biomass. Incubations were conducted at the in situ temperature and in darkness for 1 h, filtered over 0.22 µm membrane filters and extracted with cold 5% trichloroacetic acid (TCA). Samples were frozen on board and counted in a liquid scintillation counter in the laboratory. From each experiment, water samples were taken for bacteria cell numbers and biomass estimations.
The nanoflagellate and microzooplankton grazing experiments were performed using the size-fractionation method (Kivi & Setala 1995 , Sato et al. 2007 ). Water samples were collected from the fluorescence maximum depth with a clean 10 l Go-Flo bottle-rosette system. After collection, seawater was size-fractioned by reverse filtration into 3 fractions: (1) < 2 µm (i.e. mostly bacteria and cyanobacteria), (2) <10 µm (i.e. mostly bacteria, cyanobacteria, ANF, and HNF), and (3) <115 µm (i.e. the whole photoheterotrophic community). Grazing rates were calculated by comparing prey growth rates in the presence and absence of predators selected by reverse filtration as follows: for HNF grazing, by comparing (1) and (2); and for microzooplankton (ciliates + dinoflagellates) grazing on nanoflagellates (both ANF and HNF), by comparing (2) and (3) (Gifford 1993) . Further descriptions of procedures and methods were fully described and published elsewhere (Vargas et al. 2008) .
Copepod grazing. For copepod grazing estimations, animals were collected by slow vertical hauls in the upper 20 m of the water column using a WP-2 net (mesh size 200 µm) with a large non-filtering cod end (~40 l). Undamaged copepods were placed in 500 ml (from 4 to 8 small copepods) or 1000 ml (from 2 to 3 large copepods) acid-washed polycarbonate bottles. These bottles were filled with ambient water loaded with natural food assemblages of microplankton prescreened through a 200 µm net to remove most grazers. Three control bottles without animals and 3 bottles with from 2 to 4 animals each were placed in an incubator rack on deck for approximately 19 to 25 h. The seawater incubation was mixed by hand every hour and, to some extent, by the ship's motion. Initial control bottles were immediately preserved with 2% acid Lugol's solution, and a sub-sample was also preserved in glutaraldehyde (as above). At the end of the incubation, sub-samples were taken from all the bottles and preserved in glutaraldehyde for nanoflagellate counts (20 ml) and acid Lugol's solution (60 ml, as above) for cell concentrations. Ingestion rates, measured as cell removal, were calculated according to Frost (1972) , as modified by Marín et al. (1986) .
Vertical flux of particulates. The vertical flux of POC was estimated by using surface-tethered, cylindrical sediment traps (122 cm 2 area and 8.3 aspect ratio) deployed at 50 m water depth at the 'process station' (Stn 5) for periods of 1 to 1.5 d. Sub-samples were used for microscopy using standard analysis (Utermöhl 1958) ; for POC, 0.5 to 1.0 l were filtered through precombusted MFS filters and stored frozen until later analysis.
RESULTS

Environmental conditions
The solar radiation recorded in the region (Melinka station) from 2004 to 2005 showed a highly seasonal variability, with lower values in winter (MayJuly: < 400 µmol s -1 m -2
) and higher values in summer (December-February: 800 to 1000 µmol s -1 m -2 ) (Fig. 2a) . The average discharge from the Puelo River provided an input of 644 ± 155 m 3 s -1 fresh water (DGA, www.dga.cl, 2000 (DGA, www.dga.cl, to 2007 , reaching its highest points from June through July (winter) and from October through November (spring) and its lowest from February through April (from summer through autumn) (Fig. 2b) . The annual cycle of total diatom abundance showed minimum and maximum values in austral winter (June-July: 0.5 × 10 9 to 1.4 × 10 9 cells m -2
) and spring (September-October: 13 × 10 9 to 18 × 10 9 cells m -2 ); the 2 seasonal cruises (shaded areas in Fig. 2c ) are typical of these periods.
At the transect, winter temperatures ranged from 8.7°C (Reloncaví Fjord) to 11.5°C (Guafo mouth). The thermocline from Reloncaví Fjord to the Desertores Islands was inverted, with lower temperatures (9 to 10°C) in the surface layer (< 25 m) and higher temperatures at depth (>11°C). Below the surface layer, a vertical quasi-homogeneous thermal distribution (11°C) was found. In the Gulf of Corcovado, the whole water column was characterised by a quasi-homothermal vertical distribution (10.5°C) (Fig. 3A) . In spring, the highest temperatures occurred at the surface in both Reloncaví Fjord and Basin (12.4°C), dropping to 11°C at 25 m depth and then remaining approximately constant down to the bottom. Similar temperatures characterised the whole water column from the Gulf of Ancud to the Gulf of Corcovado. Only the Guafo mouth showed lower temperatures (9.5°C) in the deeper waters (Fig. 4A) .
In winter, the surface salinity ranged from 2.6 psu (Reloncaví Fjord) to 32.3 psu (Desertores Islands) ( cruises were conducted in the study area the Guafo mouth (Fig. 3B) . In spring, the situation was similar, although the vertical gradient in Reloncaví Fjord was slightly less pronounced than in winter (6 to 32.8 psu), and the salinity between Desertores Islands and the Guafo mouth fluctuated between 32 and 34 psu (Fig. 4B) . The highest wintertime surface dissolved oxygen concentrations were found in Reloncaví Fjord (8 ml l -1 ) and the lowest (5.6 ml l -1 ) in Ancud Gulf (Fig. 3C ). In this area, an oxycline was observed between the surface and 25 m depth (8 and 4 ml l -1 , respectively). Similar concentrations (~6 ml l -1 ) were found throughout the water column from Ancud Gulf to Corcovado Gulf (Fig.  3C) . A less pronounced surface gradient was found in spring between Reloncaví Fjord (8.1 ml l -1 ) and Ancud Gulf (6.3 ml l -1 ). In addition, an oxycline from 8 to 4 ml l -1 was found within the upper 25 m of Reloncaví Fjord, remaining approximately constant below 25 m depth. From Ancud Gulf to Corcovado Gulf, the oxygen concentrations in the water column remained relatively constant at 6 ml l -1 (Fig. 4C) . The orthophosphate and nitrate concentrations in the surface waters ranged from 0.27 to 1.88 µM and from 2.6 to 21.6 µM in winter, respectively, and from 0.02 to 1.48 µM and from 0 to 12.6 µM in spring, respectively, with the lowest concentrations in Reloncaví Fjord and the highest around the Desertores Islands (Figs. 3D,E & 4D,E) . On the other hand, the distributional pattern of silicic acid showed the highest concentrations in Reloncaví Fjord (up to 126 µM) and The vertical distribution of inorganic nutrients in Reloncaví Fjord showed a 2-layer structure: the upper layer (< 25 m depth) had low orthophosphate and nitrate (< 2 and < 22 µM, respectively) and high silicic acid (> 40 µM) concentrations. The 2 former nutrients increased with depth (2.4 and 24 µM), whereas the latter decreased (< 32 µM).
Chl a and POC concentrations
Conspicuous differences were found between winter and spring integrated (upper 25 m water column) chl a , (D) orthophosphate, in µM, (E) nitrate, in µM, and (F) silicic acid, in µM 5 mg chl a m -3 (at 15 to 25 m depth). The sizefractionated chl a was dominated by small phytoplankton (autotrophic flagellates < 5 µm) in winter and large, chain-forming diatoms in spring. In winter, the contribution of the < 5 µm, 5-20 µm and > 20 µm size-fractions to the average total integrated chl a concentrations along the transect (7.3 mg chl a m -2 ) were 54, 18 and 28%, respectively (Fig. 5A) . In spring, the contribution of the same size-fractions to the average total integrated chl a concentrations along the transect (191.5 mg chl a m -2 ) were 5, 4 and 91%, respectively (Fig. 6A) .
In winter a few diatoms belonging largely to the genus Skeletonema and the species Thalassionema nitzschioides were present in the samples, while in spring, the microphytoplankton size-fraction (> 20 µm) was dominated by chainforming diatoms of the genera Skeletonema, Chaetoceros, Thalassiosira and Rhizosolenia. The highest diatom abundances were recorded in the surface waters within Reloncaví Fjord in spring (3 × 10 6 and 10 × 10 6 cells l -1 ), whereas the lowest were recorded between the Desertores Islands and the Guafo mouth (0.1 × 10 6 to 1 × 10 6 cells l -1
). The winter abundances were 3 orders of magnitude less, ranging mainly from 1 × 10 3 to 4 × 10 3 cells l -1 throughout the study area.
Integrated POC concentrations in the upper 50 m of the water column were approximately one third in winter (4 to 8 gC m Abundances of the different groups of the plankton were transformed into carbon biomass by using the following equations: bacteria = 20 fgC cell -1 (Lee & Fuhrman 1987) , flagellates = 6500 fgC cell -1 (Børsheim & Bratbak 1987) , tintinnids = pgC = (µm 3 ) × 0.053 + 444.5 (Verity & Langdon 1984) , thecate dinoflagellates = pgC = (µm 3 ) × 0.13 (Edler 1979) , copepod nauplii = ngC = 1.51 × 10 -5 LC 2.94 (LC: length of cephalothorax; Uye et al. 1996) , calanoid copepods = 26.9 µgC cop -1 (González et al. 2000 , Hirst et al. 2003 , euphausiids = 3812 µgC euph ). The dominant taxa in spring were the thecate dinoflagellate genera Diplopsalis and Protoperidinium, whereas, in winter, tintinnids (genus Salpingella) and thecate dinoflagellates (genera Ceratium and Protoperidinium) dominated at Stns 44 and 20. In terms of biomass, the copepod larval stages (nauplii) dominated in both winter (2.7 mgC m 
Productivity, pelagic food web and carbon export flux
The PP at Stn 5 increased by up to 2 orders of magnitude from winter to spring, with mean ± SD of 42.4 ± 5.7 mgC m -2 d -1 and 1893.0 ± 1549.0 mgC m -2 d -1 respectively (Table 2 ). In winter, the PP increased slightly near the Gulf of Ancud and the Desertores Islands , respectively (n = 3, Table 2 , Table 2 ). HNF was very abundant year-round, but bacterivory rates were higher in winter than in spring (12 to 19 vs. 0.01 to 0.3 bacteria ind.
-1 h -1 or 7.5 × 10 -9 vs. 7.2 × 10 -11 mgC ind.
, Table 3A ), resulting in higher integrated grazing rates for winter (>100% of the BSP) than spring (<1% of the BSP, Fig. 7 ). The microzooplankton (<115 µm) consisted mainly of choreotrich ciliates such as Strombidium spp. and naked dinoflagellates such as Gymnodinium spp. in winter, and thecate dinoflagellates such as Protoperidinium spp. and Prorocentrum micans in spring. In this productive period, thecate dinoflagellates and tintinnids reached abundances up to 1.2 × 10 7 ind. m -2 in the upper 50 m water column of the process station (Stn 5), 2 orders of magnitude lower than the small (< 20 µm) naked dinoflagellates (data not shown). At Stn 5, the microzooplankton removed HNF at a rate of 8 × 10 -6 mgC ind.
in spring and 1.8 × 10 -5 mgC ind.
in winter (Table 3A) . Low average copepod ingestion rates were estimated in winter (6 × 10 -5 mgC ind. ), whereas, in spring, small copepods such as Paracalanus parvus and large copepods such as Calanus chilensis and Rhyncalanus nasutus ingested an average of 6 × 10 -3 mgC ind. (Table 3A) . The average ingestion rates reported for Euphausia vallentini juveniles and adults (Sánchez 2007) in Comau Fjord, located beside Reloncaví Fjord (see Fig. 1 ), were integrated for the upper 50 m of the water column using only the euphausiid abundances recorded in the samples collected during night catches (due to their pronounced vertical migration). Thus, the integrated euphausiid ingestion rates were considerably lower in winter (16 mgC m -2 d , n = 12), with faecal pellets from zooplankton making the dominant contribution to the vertical carbon flux (Table 3C) .
DISCUSSION
The rugged coastline of the study area is characterised by (1) The SAAW that penetrates the study area from the north (Chacao entrance) and the south (Guafo entrance) mixes with fresh waters coming from rivers, generating a lower salinity water mass (31 to 33 psu) known as Modified Sub-Antarctic Water (MSAAW); the MSAAW fills the microbasins from the Gulf of Corcovado to Reloncaví Fjord (Silva et al. 1998 ). In addi- . PB, DOC, Phyto, COP and NFH refer to bacterial secondary production, dissolved organic carbon, phytoplankton, particulate organic carbon and heterotrophic nanoflagellates, respectively tion, the area from Reloncaví Fjord to the Gulf of Corcovado is influenced by a strong freshwater gradient and the stratification of the upper water column; i.e. the vertical extension of the upper brackish layer is reduced due to a spring-summer shortage in the freshwater inflow (reduced precipitation) that increases salinity from 10 psu (in winter) to 15 psu. Overall, a freshwater layer loaded with silicic acid is found within the upper 4 to 7 m of the water column. This layer is separated from a marine water layer loaded with nitrate and orthophosphate by a strong pycnocline, resulting in overlapping limnetic and marine characteristics in the Fjord and Interior Sea of Chiloé (Silva & Neshyba 1979 , Silva et al. 1998 ).
In the scenario described above, PP is high (>1 gC m -2 d -1 ) in spring, summer and early autumn (our Table 2 ; Iriarte et al. 2007 ), decreasing sharply in late autumn and winter. As the macronutrient concentration in the study area does not seem to be limiting, the changes observed in PP seem to be tied more to seasonal changes in the light regime than to the nutrient availability (see below). In line with this, the relatively low average values of the C:chl a ratio in the upper 10 m of the water column along the transect in spring (87) contrast with the high average value in winter (487). In general, low values have been reported for other estuarine systems during the productive season (Table 4) , and high values in winter, when allochthonous OM input (probably loaded with refractory carbon) increased during the period of high river discharges.
Along with an increase of up to 2 orders of magnitude in total chl a concentrations from winter to spring, the size-fraction distribution shifted conspicuously with the dominance of nano-and microphytoplankton, respectively. Up to 2 orders of magnitude in pigment concentrations have been reported within a time scale of a few days during the onset and decay of a Skeletonema costatum bloom in the Ría de Vigo, Spain (Álvarez-Salgado et al. 2005 and our Table 4 ). In our study area, the high pigment biomass in spring was due to the proliferation of chain-forming diatoms, notably from the genera Thalassiosira, Chaetoceros and Skeletonema. The same diatom genera have been described as very abundant in coastal areas off central Chile (González et al. 1987 (González et al. , 1989 and in several disparate fjords such as those located in Newfoundland, Canada (Thompson et al. 2008) . The continuous supply of fresh water loaded with silicic acid (Figs. 3 & 4) and the increased solar radiation ( Fig. 2A) and photoperiod seem to favour the development of large, filamentous diatom blooms during the productive period. ) (Shikata et al. 2008 ). This threshold was surpassed only in spring and summer in the study area ( Fig. 2A) . Here, silicic acid (4 to 126 µM l , Troncoso et al. 2003) . It seems that the higher grazing pressure done by HNF over heterotrophic bacteria during winter (Table 3A ,C) has a key role controlling BSP and growth during this season. The reduced HNF grazing pressure and the higher availability of inorganic nutrients and C sources allowed a higher BSP during springtime.
The relative constancy shown by bacterial activity contrasts markedly with the seasonal changes in PP, which differs by 1 or 2 orders of magnitude from the non-productive (winter) to the productive (spring) season. Whereas the PP observed in spring can easily account for the BSP, in winter, a subsidy of dissolved organic matter (DOM) from Patagonian rivers (Perakis & Hedin 2002, Pantoja et al. in press) needs to be invoked. The freshwater input might constitute an important flux of DOM/POM and macro-and oligoelements to coastal areas (Raymond & Bauer 2000) ; these factors are still absent from or scarcely represented in global biogeochemical models. For instance, if we use a conservative estimate for dissolved organic carbon (DOC) of 8.200 mgC m -3 (Pantoja et al. in press) , the Puelo River would discharge 456 tC d -1 . POC concentrations were always high, and an important fraction was probably introduced into the fresh water loaded with OM (allochthonous OM). In addition, in estuarine systems, microbes as well as mesozooplankton might rely on this OM for from 5 to 80% of their production, which increases exponentially with increasing river discharge (Maranger et al. 2005 , Hoffman et al. 2008 . Overall predominant is the idea that in estuarine systems, allochthonous inputs of OM are more important quantitatively, but autochthonous OM likely provides more readily available substrates for Table 4 . Comparison of the parameters estimated in this study with those of other fjord and estuarine systems: fractionated chlorophyll a concentration (Chl a), particulate organic carbon concentration (POC-C), nutrient concentration (Nutrient-C), carbon-to-chlorophyll ratio (C:chl a), bacterial biomass (BB), microzooplankton biomass (Microzoo-B), copepod biomass (Copepod-B), copepod grazing rate (Copepod-G), vertical flux of particulates (Vertical-F), primary production (PP), bacterial secondary production (BSP) (Maranger et al. 2005 ). In the study area, the analysis of surface sediment cores showed a landocean gradient in the δ 13 C values from -24.2 ‰ within the Reloncaví Fjord, -22.4 ‰ in the Reloncaví Basin, -21.1 ‰ in the Corcovado Gulf, and -19.6 ‰ in the Guafo entrance (Silva et al. 2009 ). In the vicinity of Stn 6, this value increased with core-depth, from -23 ‰ in the surface up to -26 ‰ at 40 cm depth (~400 yr ago), denoting a reduction in the allochthonous influence during the last 4 centuries (L. Rebolledo unpubl. data), a situation that has been paralleled by streamflow reductions in the Puelo River discharges since 1600 (Lara et al. 2008) .
In the Baker River estuary, located south of the study area (47°47´S), between 20 and 50% of the total copepod ingestion, in terms of daily body carbon, has been estimated to be associated with allochthonous terrigenous sources. This finding was based on an isotopic analysis of small (Acartia tonsa and Paracalanus parvus) and large (Calanus spp.) copepods, which showed δ 13 C ranging from -21 to -24 ‰ within time scales of a few days. These results also showed that during relatively short periods of time, copepods may switch from low microplankton (diatoms and flagellates of marine origins) ingestion (~1 to 2 µgC ind. ) and enriched δ 13 C values (-21 ‰) (C. Vargas unpubl. data). This might imply that copepod dependence on allochthonous sources of organic carbon declines with increasing fjord trophy (or microplankton availability). In addition, these results suggest that a significant proportion of the OM in Chilean fjords had an allochthonous origin and can be channelled either directly to higher trophic levels (zooplankton and fishes) through the ingestion of detrital particles, or through the microbial food webs (i.e. allochthonous DOC -bacteria -HNF -Zooplankton).
During this study, large thecate dinoflagellates (mainly of the genera Protoperidinium and Ceratium) were relatively scarce (< 0.1 cell l -1 ) compared to the small (< 20 µm) naked dinoflagellates (~3 × 10 4 cells l -1 ), which were highly abundant in Reloncaví Fjord. The small dinoflagellates, along with tintinnids, aloricate choeotrich ciliates (i.e. Strombidium sp.) and HNF constituted some of the main food items for copepods in winter, when PP levels dropped dramatically. On the contrary, chain-forming diatoms dominated the copepod diet during the productive season (spring), highlighting the adaptation of copepods, which are able to adjust their metabolic demands to the in situ availability of prey (Vargas et al. 2008) . The strong halocline defines a natural barrier with an upper brackish layer dominated by small copepods and cladocerans and a lower layer dominated by marine copepods and euphausiids. The mesozooplankton grazing impact was mainly due to the euphausiid species Euphausia vallentini, which removed from ~2 (spring) to 38% (winter) of the PP daily at the process station (Table 3 , Fig. 7) . The grazing impact of calanoid copepods in this study was very low (≤1% PP), which lies in the lower range of values reported (< 2 to 92% PP) (see Table 4 ), probably because few species of calanoid copepods Acartia and Calanus were studied. Small cyclopod copepods (i.e. Oithona spp.) were not included in this study, despite their numerical dominance in disparate estuarine systems (Maar et al. 2004) , because the zooplankton nets we used were too coarse (300 and 200 µm mesh) to adequately collect such small copepods.
From winter to spring, the BSP:PP ratio decreased from 3.7 to 0.2 at the process station, but remained low (< 0.1) year-round at the Desertores Islands (Stn 20). As the heterotrophic bacteria biomass did not change substantially, local topographic effects associated with these islands (i.e. retention eddies or sill/contraction topography) probably provoked the highest chl a values due to physical accumulation (Fig. 5A) . The effects of sills and channels (sluggish flushing and particle accumulation) have been reported for the Chilean fjord region (Cáceres & Valle-Levinson 2004) . Overall, seasonal changes in this ratio are related more to sharp spring-to-winter decreases in PP than to changes in bacterial biomass or production.
The average POC concentrations in the upper 50 m of the water column (spring-summer) decreased from 200-600 mgC m -3 around Reloncaví Fjord to 76 mgC m -3 (Fabiano et al. 1999) around the Strait of Magellan, appearing to parallel the percentage of organic carbon in the sediments from the same areas (from 5.3 to 3.8%, respectively, Silva & Prego 2002) . These gradients could be due to more efficient pelagic-benthic coupling in the northern than in the southern Patagonian fjords given the (1) higher PP, (2) increased diatom abundances that resulted in high vertical POC fluxes, and (3) elevated light radiation, a precursor of allochthonous DOC flocculation and, in turn, carbon sequestration (von Wachenfeldt et al. 2008 ).
Fate of autotroph-generated PP and pelagic-benthic coupling in Reloncaví Fjord
In Reloncaví Fjord, the POC vertical flux was ca. 2-fold higher in spring than in winter (725 vs. 334 mgC m -2 d -1 , Table 3 ), whereas the PP was 40 times higher. This indicates that the POC export depended more on the variable input of both particulate and dissolved matter from terrestrial systems and was more uncoupled from local PP than in coastal areas. This was evi-dent in the nearby Puyuhuapi Fjord, where surface sediments contain up to 50% terrestrial material (Sepúlveda et al. 2005) . Microscopic analyses of sediment trap samples showed that faecal pellets from zooplankton (euphausiids, copepods, appendicularians) constituted the main vehicle for POC export towards the deeper layers of the Fjord, resembling the pivotal role of faecal material reported for coastal areas in the central-northern Humboldt Current System off Chile and other fjords such as Conception Bay, Newfoundland, Canada, where the importance of zooplankton grazing to the phaeopigment flux was suggested by the predominance of phaeopigments in terms of total pigments (Thompson et al. 2008 ). On average, the export flux fluctuated from 500% (winter) to 33% (spring) of the PP. The high POC flux estimated in the Reloncaví Fjord lies in the upper range of the reported fluxes for other estuarine and fjord systems (Table 4 ) and may affect higher trophic layers, particularly benthic communities, and CO 2 sequestration in spring.
Carbon fluxes and fjord-system functioning are highly variable on a seasonal basis (Fig. 7) , and the overall picture that emerged from our study showed high solar radiation in spring and an extended photoperiod that promoted the growth of chain-forming diatoms in a nutrient-repleted water column, in which silicic acid, DOM and POM were provided by freshwater input. Allochthonous (river discharge) and autochthonous (phytoplankton exudates) OM kept the bacterial biomass and secondary production high yearround. In spring, high PP and the grazing pressure of zooplankton (mainly Euphausia vallentini ) on the diatom-dominated microplankton resulted in a relative dominance of the classical food web, with increased export production. Conversely, in winter, low PP, high HNF bacterivory rates and zooplankton grazing on nanoplankton (both auto-and heterotrophic) resulted in a relative dominance of the microbial loop with lower (than in spring) export production. 
